To investigate the adsorption behavior of metal ions with β-diketone type chelating agents, thenoyltrifluoroacetone (Htta) and benzoyltrifluoroacetone (Hbfa) supported on mesoporous silicate MCM-41 that has been hydrophobized (hMCM-41) using trimethylchlorosilane was synthesized. The 
Introduction
Mesoporous silicate MCM-41 possesses hexagonally packed arrays of one-dimensional, cylindrical pores, with a uniform pore distribution and large pore volume 1) . This material is most often used as an adsorbent of large organic molecules after surface functionalization. It has been reported that ordered mesoporous silicates such as MCM-41 have been functionalized with amino and thiol groups for adsorption of metal ions [2] [3] [4] . Selective adsorption of some metal ions, such as Hg 2+ , Cu 2+ and Cr 2 O 7 2-, has been achieved by using the modified adsorbents based on mesoporous silicate. Moreover, Puanngam and Unob reported that the functionalized MCM-41 showed larger binding ability for Hg 2+ compared to that of the functionalized silica gel due to its uniform structure 5) . In addition, adsorption behavior of divalent transition metal ions onto MCM-41 as neutral acetylacetonato complexes by adding acetylacetone in aqueous phase have also been reported [6] [7] [8] [9] . Previously we investigated adsorption behavior of metal ions with thenoyltrifluoroacetone (Htta) supported on MCM-41. From the results, it was suggested that MCM-41 could be used as a support of chelating agents used in solvent extraction systems 10) . However, stability of MCM-41 is low, and the (xxx) siloxane structure of MCM-41 is damaged when MCM-41 left in a humid environment. Therefore, improvement of stability of MCM-41 in aqueous solution is necessary, and modification of the surface of MCM-41 by organic functional groups was studied to improve the stability in aqueous solutions 7, 11) . These surface treatments may not only be useful to improve the stability in aqueous solutions, but may influence adsorption of metal ions. In fact, the adsorption of metal ions onto modified MCM-41 was affected by the apparent hydrophobicity of metal complexes in the previous study 7) . In the present study, using hydrophobized MCM-41 as a support of β-diketone type chelating agents, the adsorption behavior of metal ions with chelating agents was investigated. Htta and benzoyltrifluoroacetone (Hbfa) were used as β-diketone type chelating agents, and the hydrophobic treatment of MCM-41 performed by using trimethylchlorosilane. The MCM-41 was treated to make it hydrophobic and is referred to as hMCM-41. The chelating agents, Htta and Hbfa, were retained on hMCM-41, and the hMCM-41 on which Htta or Hbfa is adsorbed (Htta-hMCM-41 or Hbfa-hMCM-41) was used as an adsorption material of metal ions. The hMCM-41 and the adsorption materials were characterized by using a powder X-ray diffraction (XRD), Fourier transform-infrared spectroscopy (FT-IR), N 2 adsorption and desorption measurements. The amount of chelating agents adsorbed on hMCM-41 was determined by elemental analysis. The adsorption behavior of metal ions on the adsorption materials was investigated as a function of pH . It is expected that the hydrophobicity of a support affect the adsorption ability of metal ions.
Experimental

Reagents
Cetyltrimethylammonium bromide (CTAB) and sodium silicate solution (~27% SiO 2 ) were purchased from SigmaAldrich Co. LLC. The chelating agents, Htta and Hbfa, were purchased from Dojindo Laboratories. Stock solutions of metal ion were prepared by dissolving metal chloride or nitrate in water. All of the reagents were analytical or reagent grade and used without further purification. Deionized water was prepared by Milli-Q Gradient A10 MILLIPORE and used throughout.
Synthesis of mesoporous silicate MCM-41
The synthesis of MCM-41 was performed by a modified procedure derived from the previously reported method 12) . A solution of 16.4 g of CTAB in 69.2 g of water was prepared by heating to 40 ˚C to dissolve the CTAB. A sodium silicate solution was prepared by dissolving 19.0 g of sodium silicate in 40.6 g of water, and added to the CTAB solution. The mixture was stirred for 10 minutes at 60 ˚C. The pH of mixture adjusted to 11.0-11.2 by drop-wise addition of 3 mol dm -3 sulfuric acid. The resulting gel was stirred at 65 ˚C for 30 minutes, transferred to Teflon cup fitted into a stainless steel pressure vessel, and heated at 100 ˚C for 144 hours. The solid product was filtered and washed extensively with hot water, and dried at room temperature in vacuum. The product was stirred in 1mol dm -3 hydrochloric acid-ethanolic solution (80 vol%) at 40 ˚C for 24 hours in order to remove surfactant, and washed with ethanol and dried in vacuum.
Hydrophobic treatment of the surface of MCM-41
The hydrophobic treatment of the surface of MCM-41 was performed as follows. One gram of MCM-41 in absolute toluene was cooled at or lower than 10 ˚C. While stirring the solution, 2.0 g of trimethylcholorosilane (Nacalai tesque) was added dropwise, and the mixture was stirred for 3 h at 25 ˚C and 1 h at 80 ˚C under nitrogen atmosphere. The solid product was filtered and washed with absolute toluene and ethanol. The product was dried in vacuum. The structure of obtained hMCM-41 was investigated by XRD (Rigaku, UltimaIV) with monochromatized CuK α radiation. The infrared adsorption spectrum was obtained by FT-IR (JASCO, FT/IR-680) in a range of 4000 to 400 cm -1 . The specific surface area, pore diameter and pore volume were measured by N 2 adsorption and desorption measurement using Belsorp 18 apparatus (Bel Inc., Japan).
Retention of chelating agents on hMCM-41
In a centrifuge tube shaded with aluminum foil, 1 g of hMCM-41 was contacted with 10 cm 3 toluene solution containing 0.5 mol dm -3 Htta or Hbfa for 24 h 10) . The solid and solution were separated by filtration, and the solid was washed with cold hexane. The solid product on which Htta or Hbfa adsorbed (Htta-hMCM-41 or Hbfa-hMCM-41) was dried in vacuum for 24h. The Htta-hMCM-41 and Hbfa-hMCM-41 were used as adsorption materials. The amount of chelating agent adsorbed on hMCM-41 was determined by elemental analysis on fluorine.
Adsorption behavior of metal ions onto adsorption materials
In a centrifuge tube, 0.1 g of adsorption material (HttahMCM-41 or Hbfa-hMCM-41) was contacted with 10 cm 
Results and Discussion
Characterization of the adsorption materials
The XRD diffraction patterns for MCM-41, hMCM-41, Htta-hMCM-41 and Hbfa-hMCM-41 are shown in Fig. 1 and hexagonal lattice parameter, a 0 , calculated from the (100) peak is given in Table 1 . The four peaks indentified at low angles in all XRD patterns are a good indication of the well-ordered hexagonally arranged pore structure typical of MCM-41 13) . The hexagonal lattice parameter are very similar to the values for MCM-41 reported previously 9, 13) . This result indicates that the MCM-41 structure was maintained after the hydrophobic treatment and retention of chelating agents. Nitrogen adsorption and desorption isotherms for the HttahMCM-41 and Hbfa-hMCM-41 are shown in Fig. 2 . The isotherms are in good agreement with typical isotherms for mesoporous materials with a regular hexagonal arrangement of cylindrical pores 14) . The specific surface area, the pore diameter and pore volume of adsorption materials calculated from the N 2 adsorption isotherms using the BET method and the Dollimore-Heal (DH) method are given in Table 2 . The values of specific surface area and pore volume of HttahMCM-41 and Hbfa-hMCM-41 are smaller than those of hMCM-41 although the value of pore diameter was the same. This decrease is indicative of adsorption of chelating agents on the surface of hMCM-41. The FT-IR spectra of the adsorption materials in a range of 4000 to 400 cm -1 are shown in Fig. 3 . The peaks of methyl and trimethylsilyl groups were observed at 2963 and 849 cm -1 , respectively. These results indicate the existence of trimethylsilyl groups on the hMCM-41 surface. However, the peaks originated from Htta and Hbfa were not observed in FT-IR spectra. Because the amount of chelating agent adsorbed on hMCM-41 is small, the peaks of chelating agents in FT-IR spectra were not observed.
From the results of elemental analysis on fluorine, the amount of chelating agents adsorbed on hMCM-41 was 0.47 for Htta and 0.33 mmol g -1 for Hbfa, respectively. By contrast,
that of chelating agents on MCM-41 was 0.34 for Htta and 0.15 mmol g -1 for Hbfa, respectively. These results indicated that the hydrophobic treatment of surface caused the increase in the amount of chelating agents adsorbed on the support. Moreover, it was reported that the amount of Htta adsorbed on octadecyl silica gel was 0.19 mmol g - 1 15) , thus the hydrophobized MCM-41 has a higher retention of chelating agents than silica gel. 
Adsorption behavior of metal ions onto adsorption materials
The adsorption ratios (%Adsorption) of metal ions with Htta onto hMCM-41 and MCM-41 were plotted as a function of pH in the aqueous phase and are shown in Fig. 4 , and the results in Hbfa are shown in Fig. 5 . In addition, the hydrophobic treatment to the surface of MCM-41 has little affect on the adsorption selectivity of metal ions.
The metal ions studied adsorbed onto hMCM-41 in lower pH region than those onto MCM-41 as a support. The halfadsorption pH values (pH 1/2 ) defined as pH at 50 % adsorption of metal ion in this study and shows in Table 3 . The values of all studied metal ions except for Zn 2+ and Cd 2+ in hMCM-41 systems are smaller than those of MCM-41 systems. Thus, the adsorption ability of metal ions with Htta and Hbfa is improved by hydrophobic treatment of the surface of MCM-41. 10) . Namely, the reaction equation can be expressed as
where HA and (s) represent the chelating agent adsorbed on MCM-41 and the solid phase, respectively. The distribution coefficient (K d ) was calculated for Eq. (1) as follows: . In the conditions which Cd 2+ adsorbed on hMCM-41, this result may have been brought about by hydrolysis due to its lower stability constant 17) . Cadmium ions were hardly extracted with Htta or Hbfa alone at pH value blow 7 in solvent extraction systems 18, 19) . In Htta-MCM-41 and Hbfa-MCM-41 systems, however, Cd 2+ was adsorbed on MCM-41 with Htta or Hbfa. From this result, it is possible that the adsorption of Cd 2+ is attributed to hydrophilicity of the surface of MCM-41. Thus, it is seemed that the hydrophobic treatment of MCM-41 caused the increase of pH 1/2 values for Cd 2+ in hMCM-41 systems as compared with those of MCM-41. From these results, it is suggested that the adsorption ability of metal ions with chelating agents is improved by the control of the hydrophobicity of the surface of MCM-41. The slope of the broken lines is 2, and the solid lines is 1.
